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I. INTRODUCTION
Various quantum interference effects, like Dicke and
Fano phenomena1–3 are well known in atomic physics
and quantum optics. These phenomena have been re-
ported also in electronic transport through mesoscopic
systems.4–8 Originally, the Dicke effect was observed in
spontaneous atomic emission spectra as a strong and very
narrow resonance which coexisted with a much broader
line. The phenomenon occurs only if the distance be-
tween atoms is much smaller than the wavelength of the
emitted light (by an individual atom). The broad reso-
nance, associated with a state that is strongly coupled
to the electromagnetic field, is called superradiant mode,
whereas the narrow peak can be attributed to a state
which is weakly coupled to the electromagnetic field and
is referred to as the subradiant mode.
In electronic transport through quantum dots, in turn,
this effect is due to indirect coupling of QDs through the
leads.5 Although, the electronic version of Dicke effect
has been studied theoretically in many papers4–10 there
is still no experimental verification of the phenomenon.
The Fano effect, on the other hand, reveals in ex-
periment as an asymmetric line in emission spectra. It
is caused by quantum interference of waves resonantly
transmitted through a discrete level and those transmit-
ted nonresonantly through a continuum of states.3 For
example, the Fano antiresonance may be identified in
photoelectron ionization spectra of an autoionization sys-
tem with one discrete level interacting with a neighbor
two-level atom.11 The Fano effect is well known not only
in optics, but also in mesoscopic physics. It has been ob-
served in systems consisting of a quantum dot attached
to external leads. The discrete dot level serves then as
a resonant channel,12–16 and the interference of electrons
transmitted through the resonant channel and those tun-
neling nonresonantly directly between the leads gives rise
to the Fano effect. The effect can be also observed in a
double quantum dot system due to asymmetry in the cou-
pling strengths of the bonding and antibonding states to
the external electrodes.16–20
To observe the above described resonance phenomena
one needs two different and coherent transport channels.
In the case of a double quantum dot system, this can be
achieved when there is a coherent indirect tunneling of
electrons between the dots through the leads. As far as
we need only two different channels, one can use a single-
level quantum dot with spin-polarized transport. This
can be realized when the dot is coupled to external fer-
romagnetic leads,21–23 and the two channels correspond
to two electron spin orientations. However, without in-
troducing additional interactions, these channels remain
independent and no interference effects can occur. The
interference appears when there is some mixing of the
two spin channels, caused for instance by Rashba spin-
orbit interaction. Such a Rashba-induced Fano resonance
has been theoretically predicted in spin-polarized trans-
port through a quasi-one-dimensional spin transistor.24
The effect appears then due to the spin-orbit induced
mixing of the continuum and bound states in the re-
gion between the ferromagnetic leads.25 More recently,
Rashba-induced Fano resonance has been investigated in
electronic transport through a quantum wire with local-
ized Rashba interaction.26–28
Quantum interference effects can significantly mod-
ify electrical conductance of the system. But the im-
pact of these phenomena on transport properties is much
broader. The interference effects can also modify thermo-
electric coefficients.29–31 More specifically, the resonant
transport may significantly modify the thermal conduc-
tance as well as the thermopower and thermoelectric effi-
ciency (figure of merit ZT ). Recently, the thermoelectric
properties of nanostructures have attracted great interest
due to enhanced thermoelectric efficiency associated with
quantum confinement and Coulomb blockade effects.32–40
Moreover, the lattice thermal conductance of low dimen-
sional systems is rather small,41–43 which also can lead
to a relatively high thermoelectric efficiency. This applies
not only to the conventional thermoelectric effects, but
also to their spin counterparts.
In this paper the considerations are focused on the
impact of interference effects on thermoelectric phenom-
ena. We consider a single-level quantum dot coupled to
ferromagnetic leads. This coupling includes both spin-
conserving and spin-flip tunneling processes – the lat-
ter due to Rashba spin-orbit interaction. It is already
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2well known, that ferromagnetism of the leads has a sig-
nificant influence on the thermoelectric properties of a
single-level quantum dot.44,45 Here, the considerations
are limited to the Kondo regime,46–49 where spin correla-
tions can strongly influence the thermoelectric transport
properties.50–59 To describe electronic transport through
the considered system at low temperatures, we apply the
finite-U slave boson mean field approach introduced in.60
Accordingly, we study thermoelectric properties of the
system at temperatures below the Kondo temperature.
More specifically, we calculate the electronic part of the
thermal conductance, thermoelectric efficiency (figure of
merit), Seebeck coefficient, and the spin Seebeck coeffi-
cient.
The paper is organized as follows. In Section 2 we
describe the quantum dot system under consideration.
We also briefly describe there the finite-U slave-boson
mean-field technique used to calculate the basic trans-
port characteristics. Numerical results are presented and
discussed in Section 3. Final conclusions are included in
Section 4.
II. THEORETICAL DESCRIPTION
A. Model
We consider a single-level quantum dot coupled to ex-
ternal ferromagnetic leads by spin-conserving and spin-
nonconserving interactions. Apart from this, magnetic
moments of both electrodes are assumed to be parallel.
The whole system can be described by Hamiltonian of
the form
H = He +HQD +Ht +H
so
t . (1)
The term He =
∑
kβσ εkβσc
†
kβσckβσ describes Bloch
electrons in the left and right ferromagnetic electrodes
(β = L,R), corresponding to the wave vector k and spin
σ(=↑, ↓). The next term in 1 describes the isolated quan-
tum dot and takes the form
HQD =
∑
σ
εσd
†
σdσ + Ud
†
↑d↑d
†
↓d↓. (2)
Here εσ = εd− σˆB, where εd is the energy of spin degen-
erate dot’s level, which can be controlled by an external
gate voltage, B is a magnetic field measured in energy
units (B is along magnetic moments of the leads), while
σˆ = 1(−1) for spin up (spin down) electrons. The param-
eter U is the Coulomb energy of two electrons occupying
the dot’s level.
The last two terms in 1, Ht and H
so
t , stand for elec-
tron tunneling processes between the dot and the exter-
nal leads. The component Ht represents the tunneling
processes that conserve electron spin, and acquires the
standard form,
Ht =
∑
kβσ
Vkβσc
†
kβσdσ + h.c. (3)
In turn, the componentHsot describes tunneling processes
which do not conserve the electron spin. This term, as-
sumed here in the form of Rashba-type spin-orbit cou-
pling, leads to mixing of the electron states of opposite
spin orientations (as defined in the electrodes). We write
this term in the form61,62
Hsot = −
∑
kβσ
(
V sokβσc
†
kβσ(iσx)σσdσ + h.c.
)
, (4)
where V sokβσ is the parameter of Rashba spin-orbit cou-
pling, while σ =↓ for σ =↑ and σ =↑ for σ =↓. In
the following we assume Vkβσ to be independent of k
and introduce the coupling parameter Γβσ defined as
Γβσ = 2pi|Vβσ|2ρβσ, where ρβσ is the spin dependent
density of states in the lead β. Similarly, we also de-
fine Γsoβσ = 2pi|V soβσ |2ρβσ. Furthermore, we write Γβσ =
(1± σˆpβ)Γβ , where pβ is the spin polarization of the lead
β and Γβ is the coupling parameter. Similarly we intro-
duce Γsoβσ = (1 ± σˆpβ)Γsoβ , and write Γsoβ = qΓβ , where
q is a parameter which describes relative strength of the
spin-orbit coupling.
From the experimental point of view, such a system
could be realized by making use of quantum point con-
tacts to connect the quantum dot to electrodes. We note
that the interplay of spin-orbit interaction and magnetic
field leads to the interference Fano effect which has al-
ready been described in the Coulomb regime.63 Further-
more, the Fano effect in quantum dot structures is known
to suppress both the electronic and heat conductances,
and to enhance the thermoelectric current generation.30
The above model is equivalent to a spinless two-level
quantum dot with an effective magnetic field noncollinear
with magnetization of the leads and coupled to a pseudo-
spin. Such a model was studied recently in the context
of phase-lapses and population inversion in the Kondo
regime.64,65 The equivalence of the two models is shown
in the Appendix, where a relevant canonical transforma-
tion is used as described in Ref. [64].
B. Method
To describe the Kondo correlations in the system un-
der consideration we use the well known bosonization
scheme introduced by Kotliar and Ru¨ckenstein.60 This
method has been shown to describe accurately correla-
tions in quantum dot systems66,67 – both in the linear
and nonlinear (but not too far from equilibrium) trans-
port regimes.
In the slave boson mean field theory (SBMFT),60 stan-
dard fermion operators for electrons in the quantum
dot are replaced with pseudo-fermion operators d
(†)
σ →
f
(†)
σ z
(†)
σ , where zσ = e
†pσ + p
†
σd is a projection oper-
ator describing the many-body effects that accompany
the annihilation of an electron in the dot. Henceforth, it
is assumed that the operator z
(†)
σ and the bosonic field
operators e(†), p(†)σ , d(†) can be approximated by their
3mean values zσ, e, pσ, and d. To conserve Fock’s space
of the quantum dot, some constraints have to be im-
posed. The first constraint,
∑
σ p
2
σ + d
2 + e2 − 1 =
0, is the state conservation. The second constraint,
p2σ + d
2 − (1/2pi) ∫ dεG<σ = 0, is the charge conserva-
tion. Here, G<σ is the lesser (Keldysh) Green function.
All this leads to the effective Hamiltonian which differs
from the original one. First, the quantum dot Hamil-
tonian takes the form H˜QD =
∑
σ ε˜σf
†
σfσ, where ε˜σ =
εσ + λ
(2)
σ . The Coulomb interaction term in the SBMFT
has no longer the operator form, and appears along with
the boundary conditions as the additional term Eg =
Ud2 + λ(1)
(
e2 +
∑
σ p
2
σ + d
2 − 1)−∑σ λ(2)σ (p2σ + d2) in
the Hamiltonian. Second, Γβσ and Γ
so
βσ are modified
to include the effective bosonic field term as follows;
Γ˜βσ = Γβσz
2
σ and Γ˜
so
βσ = Γ
so
βσz
2
σ.
Using Hellman-Feynman theorem, ∂〈Heff 〉/∂χ = 0
(where χ is one of the parameters: λ(1), λ
(2)
σ , e, pσ, d),
one arrives at the following system of nonlinear equa-
tions66,67:∑
σ
∂ ln(zσ)
∂e
∫
dε
2pi
(ε− ε˜σ)G<σ + λ(1)e = 0, (5)
∑
σ
∂ ln(zσ)
∂pσ′
∫
dε
2pi
(ε− ε˜σ)G<σ +
(
λ(1) − λ(2)σ′
)
pσ′ (6)
= 0, : for σ′ =↑, ↓
∑
σ
∂ ln(zσ)
∂d
∫
dε
2pi
(ε− ε˜σ)G<σ +
(
U + λ(1) −
∑
σ
λ(2)σ
)
d(7)
= 0.
These equations, together with the constraints described
above, have to be solved self-consistently. To find nu-
merical solutions to these equations, we need to know
the corresponding Green functions, which are matrices
in the spin space.
Since the Rashba term (4) in the Hamiltonian leads
to mixing of the spin components, the off-diagonal ele-
ments of the Green’s functions matrix in the spin space
are nonzero. The retarded Green’s function Gr can be
derived making use of the Dyson’s equation, which al-
lows to write Gr as Gr =
(
gr0 −Σr
)−1
, where gr0σσ′ =
δσσ′ (ε− ε˜σ + i0+)−1 is the Green function of the dot de-
coupled from the leads, and Σr = ΣrL + Σ
r
R is the self-
energy matrix where the β component has the form
Σrβ =

i
2
(
Γ˜β↑ + Γ˜soβ↓
)
1
2
(√
Γ˜β↑Γ˜soβ↑ −
√
Γ˜β↓Γ˜soβ↓
)
− 12
(√
Γ˜β↑Γ˜soβ↑ −
√
Γ˜β↓Γ˜soβ↓
)
i
2
(
Γ˜β↓ + Γ˜soβ↑
)
 , (8)
for β = L,R. Having found the retarded and ad-
vanced Green functions, one can find the lesser (Keldysh)
Green function from the formula G< = i(fLG
rΓ˜LG
a +
fRG
rΓ˜RG
a). Here, Γ˜L(R) is defined as
Γ˜L(R) = −iΣL(R). (9)
The Green function G<σ in Eqs (5)-(7) is the diagonal el-
ement of G<. Finally, one can calculate the transmission
function T (ε) as
T (ε) = Tr
(
GaΓ˜RG
rΓ˜L
)
. (10)
Note, the maximum value of the transmission function
T (ε) is equal to the number of quantum transport chan-
nels. In addition, the transmission function T (ε) can be
written as T (ε) =
∑
σ Tσ(ε), where Tσ(ε) are the diago-
nal elements of GaΓ˜RG
rΓ˜L.
C. Transport coefficients
The transmission matrix T (ε) determines the trans-
port coefficients of interest, like electrical conductance,
heat conductance, and thermopower. In the linear re-
sponse regime these coefficients can be expressed in terms
of the parameters Ln (n = 0, 1, 2) defined as
68,69
Ln = − 1
h
∫
dε(ε− µ)n ∂f
∂ε
T (ε). (11)
Thus, the charge conductance, G, is given by the formula
G = e2L0. (12)
Note, this formula for the conductance is equivalent to
the Landauer formula, which for zero temperature reads
G = (e2/~)T (ε = εF ). In turn, the electronic contri-
bution to the thermal conductance, κe, can be written
4as
κe =
1
T
(
L2 − L
2
1
L0
)
. (13)
The Seebeck coefficient (or thermopower) S is defined
by the voltage drop δV generated by the temperature
difference δT as S = −δV/δT , calculated for vanishing
charge current, J = 0. As a result the Seebeck coefficient
may be written as68,69
S ≡ −
[
δV
δT
]
J=0
= − 1
eT
L1
L0
, (14)
where −e is the electron charge (e > 0). The above
formulas are valid when no spin accumulation can built
up in the system due to fast spin relaxation. Below they
will be used to calculate numerically the transmission
coefficient and also the transport parameters.
The situations is different when the spin relaxation
in the leads is slow, so spin accumulation may occur.
Writing δVσ = δV + σˆδV
s for the spin dependent volt-
age, where δV is the electrical voltage while δV s is
the spin voltage, one can define charge thermopower,
S = −δV/δT , and also the spin thermopower, Ss =
−δV s/δT . As the former thermopower describes the elec-
trical voltage δV induced by a temperature gradient, the
latter one describes the thermally-induced spin voltage
δV s. The spin and electrical thermopowers can be cal-
culated from the formulas44,45
Ss = − 1
2eT
(
L1↑
L0↑
− L1↓
L0↓
)
, (15)
S = − 1
2eT
(
L1↑
L0↑
+
L1↓
L0↓
)
. (16)
In turn, the electronic contribution to the heat con-
ductance in this transport regime is then given by the
formula45
κe =
1
T
∑
σ
(
L2σ − L
2
1σ
L0σ
)
. (17)
The functions Lnσ (n = 0, 1, 2) are defined as in Eq. (11)
but with Tσ(ε) instead of T (ε). Note that all the above
formulas for the spin and charge thermopowers as well
as the heat conductance apply to the situation when the
temperature in the leads is the same in both spin chan-
nels. In a general case, however, the temperature of the
electron reservoirs may be spin-dependent, too.
III. NUMERICAL RESULTS
Now, we present numerical results for the general sit-
uation with ferromagnetic electrodes, 0 < p < 1. The
limiting case of half-metallic ferromagnetic leads, corre-
sponding to p = 1, is not interesting from the point of
view of Kondo physics as the corresponding Kondo tem-
perature goes to zero in the parallel magnetic configura-
tion considered here. One can show that in the corre-
sponding two-level model, one of the levels is decoupled
from the leads, see Appendix. Accordingly, no Kondo
screening can take place for p = 1.
We begin with the transmission function, T (ε), and
the local density of states (DOS) for the quantum dot,
ρ(ε) = −(1/pi)Im{Gr}, in the absence as well as in the
presence of external magnetic field. Then we analyze
transport parameters including linear electrical conduc-
tance, G, electronic contribution to the heat conduc-
tance, κe, thermopower, S, and the resulting parameter
of thermoelectric efficiency, ZT . We consider separately
the situations with short spin diffusion length in external
leads (no spin accumulation and no spin thermoelectric
effects) and the case when spin thermoelectric effects ap-
pear.
A. Transmission and spectral functions
Let us begin with the case of zero magnetic field,
B = 0, when the bare dot level is spin degenerate. We
consider first symmetric Anderson model, εd = −U/2.
The slave boson technique takes into account spin fluc-
tuations in the dot. Due to these spin fluctuations, the
dot’s spin is screened and a Kondo cloud develops in the
leads. This results in the Kondo resonance in the dot’s
density of states, and consequently in the Kondo effect in
transport characteristics. We note that the spin fluctu-
ations are coherent when tunneling amplitudes for elec-
trons of both spin orientations are sufficiently large. Tun-
neling with Rashba spin-orbit interaction also contributes
to the spin fluctuations in the dot. The resonances in the
density of states lead to a nonzero transmission through
the otherwise Coulomb blocked quantum dot. Due to
the Rashba spin-orbit interaction, the two spin channels
are not independent, which leads to quantum interfer-
ence effects, that are absent in the limit of independent
spin channels.
In figure 1(a-c) we show the zero-temperature trans-
mission function for different values of the Rashba inter-
action strength (tuned by the parameter q), and for rela-
tively large spin polarization in the ferromagnetic leads,
corresponding to p = 0.9. Figure 1a shows the total
transmission function, while the corresponding spin com-
ponents are presented in figure 1b and figure 1c. Since
there are two spin channels in the electrodes, the max-
imum transmission function is equal to 2. When the
Rashba interaction is absent (q = 0), the transmission for
spin-up electrons has Lorentzian shape and the peak is
relatively broad. In turn, the transmission peak for spin-
down electrons is very narrow. In both cases maximum
transmission is equal to unity. The total transmission
has then the shape which results from the superposition
of one broad and one narrow peaks. When the Rashba in-
teraction is switched on, the total transmission function
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FIG. 1: Total transmission (a) and its spin-up (b) and spin-down (c) components, calculated for p = 0.9 and indicated values
of the parameter q. (d) Total transmission for q = 1 and indicated values of the polarization p. The other parameters are:
B = 0, εd = −3Γ, U = 6Γ, kBT = 0.
through the quantum dot becomes broader due to the
additional tunneling channel with an effective flip of the
electron spin in the dot.61 Note, that the transmission for
spin-up electrons has now not a simple Lorenzian shape,
as it was for q = 0, but this shape is more complex.
In figure 1d we show the total transmission for q = 1
and different values of the polarization factor p. When p
changes from p = 0 to the limit of p = 1, but p < 1, the
shape of the total transmission changes from Lorentizan
at small values of p to the shape typical of the Dicke effect
for p close to 1. More precisely, the peak for p close to
1 consists of one broad and one narrow peaks which are
superimposed at the Fermi level. The broad peak corre-
sponds to spin-up orientation while the narrow peak is
associated with spin-down orientation. As in the origi-
nal Dicke effect,1 one may associate the narrow central
peak in the transmission with a subradiant state (weakly
coupled to the electrodes), while the broad peak with a
superradiant state (strongly coupled to the electrodes).
The narrow peak in transmission becomes broader with
decreasing spin polarization of the leads, and the Dicke
line shape of the transmission transforms into a Loren-
zian one. This resembles the effect of indirect hopping in
a double quantum dot structure.10,70
Coupling of the dot to both electrodes results in renor-
malization of the dot’s level energy. It is already well
known that spin-conserving tunneling processes between
the dot and ferromagnetic electrodes generate an effective
exchange field which may split the dot’s level energy.71 In
a particle-hole symmetry point, εd = −U/2, the effective
exchange field, however, disappears. Spin-flip tunneling
due to Rashba spin-orbit coupling contributes to the en-
ergy renormalization and also leads to mixing of the spin
states in the dot. Thus, the renormalization and split-
ting of the dot’s level is a result of the interplay of ef-
fects due to spin-flip (Rashba) and spin-conserving tun-
neling processes. The energy renormalization and spin
mixing of the dot’s states has a significant influence on
the Kondo resonance, which is an interference effect of
various cotunneling processes with effective flip of the
dot’s spin. Local density of states (LDOS) correspond-
ing to the Kondo resonance depends then on the renor-
malized dot’s states. In figure 2(a,b,c) we show the den-
sity of dot’s states associated with the Kondo peak for a
symmetric model, εd = −U/2. One finds then a single
Kondo peak at the Fermi level, which depends on the
Rashba coupling parameter q. Strictly speaking, Rashba
interaction diminishes hight of the total Kondo peak, see
figure 2(a), where the peak hight decreases with increas-
ing q. In turn, spin components of the LDOS depend
on the Rashba coupling in a more complex way, i.e. the
Rashba coupling magnifies hight of the spin-up Kondo
peak (figure 2(b)) and diminishes hight of the spin-down
peak (figure 2(c)).
The situation is different in asymmetric situation, in
which the dot is described by an asymmetric Ander-
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parameter q and for the symmetric model (εd = −U/2). Parts d), e), and f) present the same as in the corresponding parts a),
b) and c) but for the asymmetric case (εd = −U/4). The other parameters: p = 0.9, B = 0, U = 6Γ, and kBT = 0.
son model, εd 6= −U/2. The corresponding LDOS for
εd 6= −U/4 is shown in figure 2(d,e,f). When q = 1, the
LDOS has the shape of a Lorentzian peak for both spin
orientations, and the peaks are shifted above the Fermi
level and have comparable hight. When q decreases, the
spin-up LDOS is reduced (see figure 2(e)) while the spin-
down LDOS is increased (see figure 2(f)).
Now, we include magnetic field, which lifts spin degen-
eracy of the bare dot’s level, and investigate its influence
on the picture described above. In figure 3(a) the to-
tal transmission function T (ε) for a symmetric Anderson
model is displayed for different values of the parameter q,
while p and B are kept constant, p = 0.9 and B = 0.5Γ.
For q = 1 there is only one peak which is located at the
Fermi level. This indicates that the Rashba interaction
suppresses the effects due to magnetic field. As the pa-
rameter q decreases, the role of Rashba coupling becomes
diminished, so the influence of magnetic field effectively
increases. The peak becomes then split into broad and
narrow peaks and a dip develops at the Fermi level. The
total transmission reveals then a typical antiresonance
behavior at the Fermi level (see the curve for q = 0.2 in
figure 3(a). This Fano-like antiresonance originates from
destructive quantum interference of electron waves trans-
mitted through the broad and narrow states. When now
the polarization factor p decreases, this antiresonance be-
havior disappears, as shown in figure 3(b). Note, the
curve for q = 0.2 in figure 3(a) coincides with the curve
for p = 0.9 in figure 3(b). For p = 0.1 only a broad peak
remains in the transmission. Similarly, when the exter-
nal field decreases, the antiresonance disappears as well,
as shown in figure 3(c). Note, the curve for p = 0.9 in
figure 3(b) coincides with the curve for B = 0.5 in figure
3(c). For small values of magnetic field, the transmission
function resembles the Dicke line shape, see the curve for
B = 0.1 in figure 3(c)
B. Thermoelectric effects: no spin accumulation
Now, we analyze the thermoelectric phenomena in the
system under consideration. The basic thermoelectric
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characteristics, like the Seebeck coefficient, electron and
heat conductance, and figure of merit have been calcu-
lated in the linear response regime and in the limit of
zero spin accumulation in the leads. The role of spin ac-
cumulation will be analyzed in the following subsection.
When calculating the thermoelectric effects we assume
temperature below the corresponding Kondo tempera-
ture, T < TK . The latter was estimated numerically by
calculating the electrical conductance G as a function of
temperature, and the Kondo temperature was then taken
as the temperature at which the conductance falls down
to half of its maximum value, as shown in figure 4. From
this estimate follows that kBTK/Γ ≈ 0.1 for q = 0, and
increases with increasing q.
The transport and thermoelectric coefficients of the
system in the absence of magnetic field are shown in fig-
ure 5. These coefficients are plotted there as a function
of the dot’s energy level εd for different values of the
parameter q. Consider first the electrical conductance,
figure 5(a). According to figure 1, the transmission func-
tion T (ε) in the symmetrical Anderson model reveals two
peaks; one narrow and one broad, with the correspond-
ing maxima located at the Fermi level. For asymmetrical
position of the dot level, εd 6= −U/2, the maxima in spin
dependent LDOS and consequently also in transmission
functions are shifted away from the Fermi level, as follows
from figure 2(d-f). Thus, the conductance reaches maxi-
mum in the particle-hole symmetry point, εd = −U/2, as
expected, and is reduced in asymmetric situations. Due
to a nonzero temperature assumed in figure 5 (but be-
low the Kondo temperature), the conductance maximum
is below the quantum limit 2e2/h. When increasing the
magnitude of the parameter q, which enhances the Kondo
correlations, one observes an increase in the conductance
towards the quantum limit. In turn, for small values of q,
the role of Kondo correlations is reduced, so the central
Kondo peak in the conductance is also reduced and the
resonances corresponding to εd and εd + U become well
resolved.
Electronic contribution to the thermal conductance is
shown in figure 5(b). Since the temperature assumed in
figure 5 is low, this contribution, as a function of the
dot level position, reveals similar behavior as the cor-
responding electrical conductance. The only qualitative
difference is that the maxima in thermal conductance are
flat, contrary to those in the electrical conductance.
The Seebeck coefficient, shown in figure 5(c), vanishes
in the particle-hole symmetry point, εd = −U/2, for
any value of the parameter q. This is a consequence of
the symmetrical density of states around the Fermi level
(ε = 0) at this position of the dot level. The thermally-
induced charge current carried by electrons is then fully
compensated by the charge current due to holes, which
results in zero net charge current, and therefore zero volt-
age drop. When the dot’s level is slightly above the sym-
metric point, εd > −U/2, the thermopower becomes neg-
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function of the dot’s level energy for indicated values of the parameter q. The other parameters: B = 0, U = 6Γ, kBT = 0.009Γ.
ative as the dominant contribution to the current comes
from electrons due to a shift of the resonances in LDOS
above the Fermi level, see figure 2(d-f). In turn, when the
dot’s level is slightly below the particle-hole symmetry
point, the main contribution to current comes from holes
and the thermopower is positive. Since the thermopower
is an antisymmetric function of the dot’s level position
measured with respect to the symmetric point, we will re-
strict further discussion to the case of εd < −U/2. Thus,
when εd decreases starting from εd = −U/2, the ther-
mopower S increases (starting from S = 0) until some
maximum value of S is reached. Then, the thermopower
decreases with a further decrease in εd and reaches a min-
imum at a certain value of εd. When εd decreases further,
S starts to grow again. For small values of the spin-orbit
parameter q, the Seebeck coefficient changes sign twice
close to the above mentioned point where S has a local
minimum.
The thermoelectric efficiency measured by the dimen-
sionless figure of merit ZT is displayed in figure 5(d) as a
function of the dot’s level energy. For all values of q, the
figure of merit ZT vanishes in the particle-hole symmetry
point, where also the thermopower vanishes. Magnitude
of ZT grows rather fast when the dot level moves away
from the symmetric point, and ZT reaches maxima at
the points where contributions from the Kondo peaks
become suppressed. For small values of q, ZT also van-
ishes at the points where the corresponding thermopower
changes sign (compare figures 5(c) and 5(d)). The mag-
nitude of ZT , however, is rather small, indicating that
thermoelectric efficiency in the Kondo regime, though it
can be controlled and modified by the Rashba spin-orbit
interaction, is rather negligible from the practical point
of view.
The density plots presenting the electrical conductance
and thermoelectric coefficient as a function of dot’s level
energy and the parameter q are shown in figure 6. The
explicit dependence on q is especially interesting as it
shows directly the influence of the Rashba interaction.
Note, figure 5 presents cross-sections of figure 6 for spe-
cific values of the parameter q, as indicated by the dashed
lines in figure 6(a).
The thermoelectric properties of the system can be
also controlled by an external magnetic field. Figure 7
displays the transport and thermoelectric characteristics
calculated for p = 0.9, q = 0.6, and indicated values of B.
Note, magnetic field breaks the particle-whole symmetry
which is present in the case of B = 0. For small magnetic
fields, the electrical conductance, figure 7(a), reveals a
broad peak and achieves maximum close to the particle-
hole symmetry point. A sufficiently large magnetic field
leads to splitting of the Kondo peak in LDOS, which re-
sults in a decrease of the zero bias Kondo anomaly. The
electrical conductance in the Kondo regime becomes then
suppressed, and for a sufficiently large magnetic field only
the side-bands corresponding to the resonances at εd = 0
and εd = −U survive. This suppression is clearly visible
in figure 7(a) for B/Γ = 0.9.
Thermal conductance, shown in figure 7(b) as a func-
tion of the dot’s level energy and indicated values of mag-
netic field, behaves in a similar way as the electric con-
ductance, though the maximum for small magnetic fields
is broader than in the electrical conductance, as already
mentioned before. This similarity in qualitative behavior
usually appears at low temperatures.
The thermopower is shown in figure 7(c). It is inter-
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esting to note, that thermopower in the Kondo regime
changes sign with increasing magnetic field. Accordingly,
the figure of merit ZT is also reduced with increasing
magnetic field, as shown in figure 7(d). Interestingly, ZT
is then significantly larger than in the case shown in fig-
ure 5(b).
The influence of magnetic field on the results presented
above is shown explicitly in figure 8, where the depen-
dence of the transport and thermoelectric coefficients on
the dot’s level position and magnetic field is presented
for p = 0.9 and q = 0.6. Note, figure 6 presents cross sec-
tions of figure 8 for magnetic fields indicated by dashed
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lines in figure 8(a).
C. Spin thermoelectric effects
In this subsection we present some numerical results in
the situation when spin relaxation processes in electrodes
are very slow so their role can be neglected. In such a
case, a spin accumulation builds in the leads. The fol-
lowing discussion will be restricted to the thermopower.
First, one should note that electric thermopower stud-
ied in the preceding sections is modified in the limit of
slow spin relaxation (presence of spin accumulation) in
comparison to what was found in the limit of strong spin
relaxation (no spin accumulation). Second, an additional
thermopower can be now defined, so-called spin ther-
mopower (spin Seebeck effect), which is one of the most
pronounced spin related thermoelectric phenomena.
In figure 9 we show both electric thermopower (see fig-
ure 9(a)) as well the spin thermopower (see figure 9(b))
for several values of the parameter q. Both thermopow-
ers are shown there as a function of the dot’s level en-
ergy. The spin thermopower has opposite sign when
compared to the electric thermopower. Otherwise, it de-
pends on the level position in a similar way as the electric
thermopower. It vanishes in the particle-hole symmetric
point as well as at the resonances. The absolute mag-
nitudes of both thermopowers are also comparable, al-
though there are some quantitative differences. Both S
and Ss are reduced with increasing q. However, as the
electrical thermopower remains nonzero at q = 1, the
corresponding spin thermopower vanishes due to mixing
of both spin channels caused by the spin-orbit interaction
(see the curve for q = 1 in figure 9(b). Thus, from the
point of view of spin thermopower, the spin-orbit inter-
action is rather undesired.
IV. SUMMARY AND CONCLUSIONS
We have analyzed thermoelectric effects in a quantum
dot connected to two ferromagnetic leads. Apart from di-
rect spin-conserving tunneling between the dot and leads,
we have also included tunneling with spin-orbit coupling
of Rashba type. The considerations have been restricted
to the low temperature regime, where the Kondo cor-
relations play a crucial role in electronic transport. To
calculate transport properties we used the slave boson
technique in the mean field approximation.
Owing to the interplay of spin conserving and Rashba
type tunneling processes, we observed both Dicke and
Fano like interference effects in the transmission function.
These effects modify electrical conductance as well as the
thermoelectric parameters. Numerical results have been
presented for two limiting situations. The first situation
concerns the case with when spin relaxation processes
exclude spin accumulation in the leads and therefore ex-
clude spin thermopower. The second one, in turn, refers
to the opposite situation, when the spin relaxation in the
leads is slow. One can observe then a nonzero spin ther-
mopower. The latter describes spin voltage generated by
a temperature gradient. The spin thermopower, however,
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becomes reduced by the spin-orbit Rashba interaction.
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Appendix: Unitary transformation
The initial model, see hamiltonian 1, is equivalent to a
spinless two-level quantum dot in an effective magnetic
field.64,65 Assuming for simplicity that both the spin-
conserving and spin-nonconserving tunneling amplitudes
are independent of k and electrode index, Vkβσ = Vσ,
V sokβσ = V
so
σ =
√
qVσ), we write the corresponding trans-
formation in the form(
d
(†)
1
d
(†)
2
)
=
1√
1 + q
(
1 −i√q
−i√q 1
)(
d
(†)
↑
d
(†)
↓
)
, (A18)
where the new operators obey the fermionic anticommu-
tation relations,
{
di, d
†
j
}
= δij and
{
d
(†)
i , d
(†)
j
}
= 0 for
i, j = 1, 2.
The transformed hamiltonian of the system can be
written as
H ′ = He +H ′d +H
′
t, (A19)
where He is left unchanged, while the dot hamiltonian
H ′d and tunneling hamiltonian H
′
t assume the following
forms:
H ′d =
∑
i=1,2
εid
†
idi −BySˆy + Ud†1d1d†2d2, (A20)
H ′t =
∑
kβ
(
V ′↑c
†
kβ↑d1 + V
′
↓c
†
kβ↓d2 + h.c.
)
, (A21)
where
εi = εd ∓ B(1− q)
2(1 + q)
, (A22)
By =
2B
√
q
1 + q
, (A23)
V ′σ =
√
1 + qVσ. (A24)
In Eq.(A3), Sˆy = (1/2)
∑
ij(σy)ijd
†
idj is the y compo-
nent of a pseudospin operator. The renormalization of
the spinless energy levels εi depends on the effective field
resulting from the interplay of the Rashba term and ex-
ternal magnetic field. Specifically, the field dependence is
completely suppressed for q = 1, so the states related to
energy levels εi are degenerate. Similar situation appears
in the case of B = 0.
12
The transformed hamiltonian describing tunneling be-
tween the electrodes and the dot is diagonal in the spin
space,
Γ′ =
[
Γ′↑ 0
0 Γ′↓
]
=
[
(1 + p)(1 + q)Γ 0
0 (1− p)(1 + q)Γ
]
.(A25)
The above formula clearly shows that one of the states
becomes decoupled from the leads for half-metallic elec-
trodes, i.e. for p = 1. Accordingly, no Kondo state can
be then formed.
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